Electro hydrodynamic jet (E-Jet) deposition technology is used to deposit PZT thick films on Si substrate. The effect ofE-Jet deposition working distance, flow rate and slurry mixing condition on the characteristics of PZT thick films are examined. The results show that the reduction of working distance and flow rate can help to increase the density of PZT thick film. The mixing of PZT composite slurry using ball-milling method can significantly improve compactness of the deposited thick films. By using optimum E-Jet deposition parameters and slurry ball-milling time of 20h, crack-free PZT thick films with a thickness of 10μm is deposited, it exhibits a relative permittivity of 255 and d33 of 67 pC·N 
INTRODUCTION
Lead-zirconate-titanate(PZT) is one of the most important piezoelectric materials of MEMS for its high piezoelectric constant. PZT is usually made into thin film and patterned according to the function of the piezoelectric device, such as micro-accelerometer [1] and micro-force sensor [2] . However, owing to the driving force and the piezoelectricity of PZT thin films is lower than the PZT bulk material, the application scope of PZT thin films is limited. However, PZT thick films (10~100μm)combine the advantage of PZT thin films and PZT bulk, having high piezoelectricity, low operating voltage, wide operating frequency and easy system integration, which recently have been attracted considerable attention.
PZT thick films are favorable for making high performance piezoelectric micro devices such as high resolution piezoelectric ultrasonic transducers [3] and micro wave front corrector. However, the preparation of PZT thick films still have challenges. By mechanical grinding PZT bulk materials, the thickness of 100μm is almost reaching its processing limit and the yield is only 5%. The following process of bonding and patterning is also very difficult. The thin film preparing method such as sputtering and chemical vapor deposition has the limitation of low deposition rate and easy cracking, the thickness of the films produced is under 5μm. [4] . The thick films (10~100μm) can be fabricated using screen printing method by printing the PZT slurry paste on the screen template [5] . This method is based on sintering of oxide ceramic particles, requiring temperatures normally above 850℃, which are likely to damage substrates and electrodes.
Electro hydrodynamic jet(E-Jet) deposition provides a new way for forming PZT thick films. Electro hydrodynamic jet makes use of electric field shear force to form a liquid jet and its further disintegration into nanoscale droplets [6] . The advantage of this technique is its capability of forming smaller sized droplets using course needle and the strong adaptability of materials and substrates. This method has been used in thin film deposition [7] and the manufacture of nanoparticles [8] . In this paper the preparation of PZT composite suspension and the formation of crackfree PZT thick film using E-Jet deposition technology was introduced. The working parameters of working distance, flow rate and PZT slurry mixing condition on the compactness of PZT thick film is examined.
EXPERIMENTAL

PZT Sol And Composite Slurry
The PZT slurry was prepared by 10g PZT powder, 14.2ml PZT sol, 2.2mL1-propyl alcohol, 2mL glacial acetic acid and 0.2gdispersant, details of the preparation procedures were described in our previous paper [9] . There are two ways of mixing the PZT composite suspension, one way is to mix the composite suspension on the roller mixer for 10h,the other way is to ball-mill the composite suspension by using the ball mill machine for 20h. There are some typical E-Jet modes, such as spindlejet mode, cone-jet mode, multi-jet mode, among these modes the stable cone-jet mode has the advantage of generation of small and uniform droplets. In order to obtain the stable cone-jet mode the surface tension should be kept below 0.05N·m-1 and the conductivity of PZT composite suspension should be kept more than 10-11S·m-1.Thesurface tension and conductivity of this PZT slurry was 2.2×10-2 N·m-1,5.7×10-3 S·m-1. So the PZT composite suspension prepared in this paper is suitable for E-Jet deposition and forming stable cone-jet mode. The stable cone-jet mode is shown in Figure1. 
E-Jet Deposition of PZT Thick Films
In this paper, Si wafer was used as the substrate which was coated with Ti/Pt (10/100nm) using RF magnetron sputtering. After the deposition of PZT thick film on Si substrate, 150nm Cu was coated on PZT thick film as the top electrode which is used for electrical property test.
In order to study the effect of working distance, flow rate on the compactness of PZT thick film, different parameters were applied to the E-Jet deposition process. During the E-Jet deposition process, the PZT thick film was deposited for 12 layers. After every single layer deposition the PZT thick films were dried at 200℃ for 60 s and pyrolysed at 350℃ for 60s with a hotplate in order to remove the organic components and reduce internal stress. Finally, PZT thick films were sintered at 720℃ for 20 min in a muffle furnace.
RESULTS AND DISCUSSION
Effect of The Working Parameters on The PZT Thick Film
Figure2shows the deposition of PZT slurry at flow rate of 1.2×10-10m3·s-1 and working distances of6mm, 5mm, 4.5mm and 4mm, respectively. When the working distance is increased the film present porous feature and the surface is rough (Figure2a and b) . As the working distance is lower, the pore size became smaller and the density of the film is significantly improved (Figure2c and d) .When the working distance is lower than 4mm, the breakdown phenomenon often happened due to the high electric field between the needle and the substrate, which will result in the jet unstable during the experiment. When the working distance is high, the major part deposited are PZT clusters, the previously deposited PZT particles can be used as "small electrodes" and electric field force between the needle and small electrodes is high, leading the PZT particles tend to deposit in the previously formed PZT particles, therefore, the porous thick films was formed. When the working distance is low, the deposited component are mainly the mixer of PZT sol and particle [9] . With continuous deposition these mixer overlapped and dense PZT thick film was formed.
The Figure3 shows the deposition of PZT slurry at flow rate of 1×10-10m3·s-1, 1.3×10-10m3·s-1, 1.7×10-10m3·s-1 and 2×10-10m3·s-1, respectively. At the flow rate of 1×10-10m3·s-1 and1.3×10-10m3·s-1, there is no obvious crack on the surface of the thick films. When the work distance getting increased, the cracks increased. This is because of the evaporation of the organic solvent and the volume shrinkage of PZT sol which caused internal stress during the heat treatment process. As the flow rate increases, the organic solvent and PZT sol increases in the monolayer film, when the internal stress exceed the strain energy stored in the film, the thick film will crack. 
Ball-milling of PZT Slurry And Its Effect on PZT Thick Film
According to the above research of the effect of low rate and working distance on the density of the PZT thick film. The working distance of 4mm and flow rate of 1×10-10m3·s-1was chosen for E-jet deposition, 12 layers PZT thick films was deposited (Figure4a). It can be seen that here is no obvious crack on the surface of the thick film. In the experiment, it was observed that the jet is not stable, this is due to the unstable of the PZT slurry. In order to solve this problem, PZT slurry is further mixed by ball milling. After 20h ball milling, the stability of the PZT slurry was significantly improved and there were no obvious sedimentation after 5h settlement. It was observed that the jet was always in a steady state by using this ball milling PZT slurry. Figure4b shows the thick film deposited by E-jet deposition at working distance of 4mm and flow rate of 1×10-10m3·s-1, it is observed that the pore is reduced and the compactness is enhanced.
Electrical Property Test on PZT Thick Film
Figure. 5ashowsthe relative permittivity and dielectric loss of the PZT thick film measured at frequencies from 1 to 100 kHz. The relative permittivity εr is 255 and the dielectric loss is 0. 034 at 1 kHz. When the frequency increases, the dielectric constant decreases and the dielectric loss increases.Figure5b shows the piezoelectric constant d33 of PZT thick film measured under different polarization electric fields. The piezoelectric constant of the thick film increases with the increase of the electric field, but when the polarization electric field exceeds 11V·μm-1, the piezoelectric constant begins to decrease. In polarization process, when the polarization field is higher, the degree of polarization is increased, the piezoelectric performance will be increased. When the polarized electric field reaches a certain value, the breakdown occurs. When the polarization field is 11V·μm-1, the PZT thick film has a piezoelectric constant d33 of 67 pC·N-1.
CONCLUSIONS
The preparing PZT composite slurry and the formation of high compactness PZT thick film using E-jet deposition technology is presented in this paper. The effect of working distance, flow rate and PZT slurry mixing condition on compactness of PZT thick film was examined. The experimental results indicated that:
1. The PZT composite slurry prepared is suitable for E-jet deposition and forming stable "cone-jet" mode.
2. Lower working distance and flow rate can significantly improve compactness of the deposited thick films.
3. The condition of PZT composite slurry preparation process have high effect on the compactness of PZT thick film and Ball-milling of PZT slurry can significantly improve compactness of the deposited thick films.
4. Using optimized E-jet deposition parameters and slurry ball-milling time of 20h, crack-free PZT thick films with a thickness of 10μm was deposited, it exhibits a relative permittivity of 255 and d33 of 67 pC·N-1.
